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B ASED on animal studies, it is evident that the amount of isometric tension that can be produced during a muscle contraction is dependent on the length at which a muscle is held (Powers and Howley, 1990) . Few studies, however, have examined this relationship in human subjects. Marsh et al. (1981) and Sale et al. (1982) investigated the effect of joint position on ankle dorsiflexion and plantarflexion in humans; however, these studies looked at the effect in young adults only.
Extensive research has been done in the past two decades on skeletal muscle changes in aged men and women (Grimby and Saltin, 1983; Vandervoort and McComas, 1986; Aoyagi and Shepherd, 1992; Vandervoort, 1992; Doherty et al., 1993; Rogers and Evans, 1993; Porter et al., 1995) . With aging, the loss of skeletal muscle elasticity might be predicted to affect the optimal length at which peak tension is developed. In their study of the extensor digitorum brevis muscle of subjects 3-94 yr, Sica and McComas (1971) found that the relationship between the length of the muscle and active tension changes with age. Elderly subjects were able to produce higher twitch tension in the resting position than younger subjects. However, Arabadjis et al. (1990) found no difference in the amount of force produced at any muscle length between young and aged rats.
Recently, our laboratory investigated the length-tension relationship of the ankle dorsiflexor muscle group in subjects aged 20-40 and 60-80 yr (van Schaik et al., 1994) . Because no differences were found in the torque-angle relationship between young and elderly adults, the authors suggested that the dorsiflexor length-tension relationship was not affected by the age-related change in the elastic properties of muscle. However, to our knowledge, there have been no similar studies reported on the antagonist ankle muscles, the plantarflexor group, despite the impor-tant role of the plantarflexor muscles to gait, balance, and many activities of daily living. Therefore, the purpose of this study was to examine the effects of aging on the muscle length-tension relationship in the plantarflexor muscle group in subjects of similar ages to the 1994 study, as well as subjects over the age of 80 yr. In addition, in light of the known differences in flexibility between adult males and females (Sepic et al., 1986; Vandervoort et al., 1992) , we compared the length-tension relationship between the two genders.
METHODS
Subjects. -Ten subjects aged 20-30 yr (M = 23; 5 males, 5 females), 10 subjects aged 60-80 yr (M = 72.3; 5 males, 5 females), and 10 subjects over 80 yr (ranging from 80 to 91 yr, M = 84.1, 5 males, 5 females) volunteered to participate in this study. Mean physical characteristic values for all subjects are shown in Table 1 . All subjects were recruited from the Hamilton area, and the subjects in the two older groups had taken part in previous research in our laboratory. Testing procedures were approved by the Ethics Committee at McMaster University, and each subject gave written informed consent to participate.
Health status and physical activity patterns of the older adults were discussed during an initial interview. All of the subjects were generally in good health and had not incurred any debilitating ankle injuries that could affect the testing procedures. They could all walk independently, and most were involved in some form of regular physical activity (e.g., walking, gardening, and light housework).
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W1NEGARD ETAL. on the right ankle plantarflexor muscles. The subjects were seated in a vertically adjustable chair with the leg flexed 90°a t the knee and the lower leg secured in a leg holder and footplate first utilized by Marsh et al. (1981) . By rotating the footplate about an axis that corresponded to that of the ankle joint, the length of the plantarflexor muscles could be altered. The ankle was placed in five different joint angles, ranging from 20° of dorsiflexion (DF) to 20° of plantarflexion (PF), with 10° increments. Strain gauges mounted underneath the footplate were used to sense the torque production at each joint angle. With the knee clamped in a fixed 90° position, the soleus was most likely the most active participant in plantarflexion; however, it is necessary to clamp the knee in this position to completely isolate the ankle muscle using this footplate apparatus.
Stimulating and recording apparatus. -In preparation for electrode placement, the skin was shaved, scraped, and cleansed with alcohol, and conducting gel was applied to the electrodes to minimize electrical resistance. Two lead plate stimulating electrodes were placed snugly against the skin in the popliteal fossa overlying the tibial nerve, with the cathode distal to the anode.
Single 50-usec rectangular pulses were delivered to the tibial nerve using a high-voltage stimulator (Model 3072, Devices System, Welwyn Garden City, Hertfordshire, U.K.). The stimulating voltage was gradually increased until there were no further increases in evoked twitch torque, and this voltage was subsequently used for analysis of isometric twitch characteristics. The average current provided to the subjects was similar for all groups (256.3 ± 17.6 V, pulse width 200 usec). Data were acquired and stored using a Dataq waveform scrolling board (WFS-200DC; Dataq Instruments, Akron, OH) configured in an IBM-compatible computer system.
Custom-designed Advanced CODAS software (Dataq Instruments) was used to analyze all voluntary and evoked recordings: maximal voluntary strength (MVC), passive tension (PT), range of motion (ROM), peak twitch torque (TT), time-to-peak torque (TPT), one-half relaxation time (/4RT), and maximum rate of torque development (RTD).
Experimental protocol. -Isometric twitch properties, MVC, PT, and ROM were measured on the right ankle plantarflexors at five joint angles (20°DF through 20°PF in 10° intervals). The joint angle order was randomized to avoid any systematic effects.
After strapping the subject's lower leg in to the device, the footplate was first loosened (0 tension) to find the natural resting position of the ankle joint. Passive range of motion of the plantarflexors was then measured by manually rotating the footplate into the dorsiflexion position, as far as possible, and recording the maximum angle in degrees. For measurement of active ROM, subjects rotated their ankles into dorsiflexion without assistance, and the maximum angle was recorded in degrees. Next, PT of the musculotendinous unit was measured with the ankle in the five joint angle positions. Correction was made for the gravitational torque created by the weight of the foot and footplate at these positions.
Evoked single twitch data were then collected, followed by MVCs at each joint angle. For analysis of MVC, subjects were given two to four attempts to achieve as large a torque as possible during a plantarflexion movement. During the MVC, the interpolated twitch technique (Belanger and McComas, 1981) was used to assess the extent of motor unit activation in the plantarflexors. Attempts at MVC were continued until either no interpolated twitch was present or, in the case of incomplete activation, die torque output became constant over several trials.
Statistical analysis. -The data were analyzed using a three-factor (Age Group X Gender X Joint Angle) mixed analysis of variance (ANOVA), with Tukey A post hoes to test specific differences between means. Of most relevance to the hypothesis was the Age Group X Joint Angle interaction, and for all analyses (both main effects and interactions) the level of significance was set at/7 < .05. Throughout the text, the data are presented as means ± SD.
The reliability of the measurement techniques was previously confirmed (Winegard et al., 1996) in elderly subjects (M = 84 yr); the mean reliability coefficient of dorsiflexors and plantarflexors was .905 ± .05, using the Intraclass Correlation Coefficient method.
RESULTS
Effect of age and joint position on ankle muscle stiffness.
-All subjects were able to have their ankle joint comfortably rotated from 20°DF to 20°PF. Resting joint angles ranged from 10°PF to 17°PF (M = 13.9 ± 2.2°), and similar values were recorded across age group and gender. Passive ROM was significantly higher than active ROM (p < .01) for all groups; however, no significant differences were found between age group or gender (p > .05) ( Figure 1) .
The effect of joint angle on PT values was highly significant (p < .001), and each age group showed the same curvilinear pattern of increasing stiffness with higher dorsiflexion angles. Values for males and females also followed the same pattern and, thus, PT values were collapsed across gender ( Figure 2 ). Maximum PT occurred when the ankle was rotated into 20°DF position for all groups, whereas the lowest values were recorded when the ankle was rotated into 20°PF. In the extreme angle of PF, PT was negative because the foot was being passively pulled up by the stretched dorsiflexors. The trend was for the youngest group to have greater PT values in all positions, although the effect did not reach statistical significance. Effect of age and joint position on isometric twitch properties. -Resting twitch torque was highest when the ankle was rotated into DF positions and lowest in PF positions across all age groups and both genders ( Figure 3) ; significant effects were found for age group and joint angle (p < .01), and the Group X Gender (p < .01) interaction. The younger subjects produced larger twitch torques than the older subjects at all joint angles, and twitch torque appeared to decline to a greater degree for males in all three age groups as compared to the females, as the ankle was rotated from DF to PF. The gender difference in twitch torque was not so clear. In the 20-30 yr group, twitch torque was highest in males at all joint angles except at the most plantarflexed position. In the 60-80 yr group, twitch torque was higher in males than females at all joint angles, and in the 80+ yr group, torque was higher for females than males at all joint angles.
The effect of joint position on the time course of the twitch revealed a significant shortening of TPT and J4RT when moving from the DF to the PF joint positions in all age groups and genders (p < .01), which corresponded to the decrease in peak TT. Slower TPTs were found in the two older groups compared to the younger group at all joint angles, yet ] ART was significantly slower in the two older groups only at the 20°DF position. Maximum RTD was significantly higher at all joint angles in the younger versus the two older groups (p < .01). To illustrate the change in contraction time, Figure 4 contains superimposed twitch recordings for a representative subject from each age group, and the mean twitch characteristics for the three age groups are presented in Tables 2 and 3 . plateaued in the DF positions and progressively decreased as the joint angle became more plantarflexed ( Figure 5 ). As expected, males were significantly stronger than females in each age group at each joint angle, and the younger subjects were stronger than the older subjects (p < .01). A Group X Angle interaction (p < .01) indicated that PF strength declined to a greater degree in the younger group compared to the older groups as the ankle was rotated into plantarflexion.
Effect of age and joint position on motor unit activation.
-At the joint angle where the maximum torque was achieved (20°DF), mean motor unit activation (MUA) was only 84.5 ± 18.4% (method cited in Belanger and McComas, 1981) , whereas the percent MUA tended to increase in the more shortened muscle positions (94.8 ± 15.3% at 20°PF). There was no difference between the three age groups in MUA, suggesting no change in the ability to maximally activate motor units with increasing age.
DISCUSSION
The apparent lack of studies that focus on the effect of age-related changes in skeletal muscle on the lengthtension relationship prompted the present investigation. Previously it was established that the muscle lengthtension relationship of the ankle dorsiflexor muscles was not affected by the predicted age-related change in the elastic properties of muscle (van Schaik et al., 1994) . Because the plantarflexor muscles play an important role in activities of daily living (i.e., standing, balance, and gait), it is important to examine the effect of possible changes in intrinsic characteristics of muscle with age on the ability to produce tension. Although it is understood that the results from cross-sectional studies such as the present one may not be as valid as a long-term longitudinal investigation, the age span examined in this study (20-91 yr) could only be realistically compared in a cross-sectional design.
ROM and PT are two factors that contribute to movement about the ankle joint. Generally, aging studies have found that ROM decreases while PT increases with advancing age . As expected, when the subjects' ankles were passively rotated into dorsiflexion, ROM was higher than when the ankle was rotated without assistance. However, no significant age or gender effects were found, which is in agreement with Sepic et al. (1986) . It was noted that very old women had the most limitation to ROM, especially during their active movement test. However, as there were no significant age or gender effects found for PT, their limited ability to dorsiflex the ankle likely reflects muscle weakness on the part of the DF group (Whipple et al., 1987; Studenki et al., 1991; van Schaik et al., 1994; Christ et al., 1992; Porter et al., 1995) .
Resting isometric twitch torque was higher for the younger group compared to the older groups at all joint angles, which has been confirmed previously (Vandervoort and McComas, 1986) . The lack of a significant main effect for gender was unexpected; however, the Group X Gender interaction revealed that some gender variation did occur. Generally, males in the 20-30 yr and the 60-80 yr groups had higher twitch torques than females, but in the 80+ yr group the females had higher torques than the males. In Figure 3 , it appears that the oldest group of females had the greatest twitch torques, even though the difference between the 60-80 yr group and the 80+ yr group was not significant. The ratio of twitch torque to MVC also appeared higher in the oldest group of females (Table 2) , and this difference just missed being statistically significant (/? = .058). Taken together, these data trends support an explanation that very old females have the stiffest, least flexible musculotendinous unit.
The trend toward slower time to peak torques and halfrelaxation times with aging was confirmed in the present investigation as in previous ankle muscle studies (Petrella et al., 1989; Cupido et al., 1992; van Schaik et al., 1994) . The age-related differences in !4RT were only evident when the plantarflexors were placed under the highest tension in the extreme DF position (20°DF). This finding implies that the difference between young and old is most likely the result of changes in elastic properties of muscle as opposed to being related to calcium reuptake. Higher rates of torque development were recorded for the younger groups compared to the two older groups at all joint angles, which is in agreement with Vandervoort and Hayes (1989) . The changes in TPT and RTD with aging complement each other and support the observations from animal studies that show a significant reduction in the kinetics of calcium release from the sarcoplasmic reticulum with aging (Larsson and Salviati, 1989) .
In analyzing the data from the voluntary torque production, the highest MVCs were achieved in the most dorsiflexed positions in all age groups. Although the young adults were significantly stronger than the older adults, there was no significant difference in MVC between the oldest age groups, in either gender. On the surface, this result may be interpreted as an apparent slowing in the rate of strength loss with age, but a different message is obtained if the strength loss is expressed relatively instead of absolutely. For example, in the males, the mean percentage decline in voluntary strength from the 20-30 yr group to the 60-80 yr group was 54.1% (=10.8% per decade over 5 decades, assuming a linear decline), yet the percent decline in the decade between the two oldest groups was 20.7%. The data from the females revealed a smaller percent decline from the young adult group to the 60-80 yr olds (26.5%, =5.3% per decade), yet a 30.9% decline was shown between the 60-80 yr and 80+ yr group. Thus, although the absolute strength loss between the two oldest age groups did not appear so great (statistically nonsignificant), the relative change was quite large and could have significant functional implications. The apparent effect of joint position on motor unit activation during the MVC is a new observation in this age group, which bears further investigation. It may be a reflection of the larger torques generated when the ankle is in a dorsiflexed position, or perhaps it represents a neural limitation that could be overcome with more specific strength training exercises (McCartney et al., 1995) .
In summary, this study has illustrated that, despite the considerable age-related loss in both voluntary and evoked strength in the plantarflexor muscle group, the optimal angle for torque production remains the same for younger and older adults. Perhaps the expected changes in stiffness and flexibility are not so evident in the muscles crossing the ankle joint, as these are used on a daily basis for balance and ambulation. Future studies could consider examining a less-used muscle group (e.g., elbow flexers or extensors) to determine if any changes in the length-tension relationship with age might exist. A comparison of active versus sedentary older subjects would also be of interest.
